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JET EFFECTS ON ANNULAR BASE PRESSURE AND TEMPERATURE 
1 

SUPERSONIC STREAM 
By hfrLTON A.  BEHEInl ,  JOHS L. KLANN, and RICHARD A .  YEAGEII 

SUMMARY 

A theoretical and experimental investigation of 
jet-stream interaction ejects on annular base pres- 
sure and temperature has been conducted. Eight 
single-jet nozzle configurations of varying design 
were studied: .four of these used unheated air as the 
propellant f luid and were investigated at a .free- 
stream Mach rrurnber of 2.0; the others employed a 
hydrogen peroxidr rocket systprn and were investi- 
qated at Mach  2.0 and 1.6. 

For ratio.7 of jrt total to bas(> static pressuw equal 
to or greater than design, predictrd base-prc >,sure t 2 t .  

rat.tos were generally l e ~ s  than the experimental 
valthes and were in closer agreement with resiilts .for 
the conical and shortened isen tropic n o d e s  than 
with the results .fool. .full-lrngth isentropic nozzles. 
I n  general the predicted base-temperature ratios were 
greater lhan the expPrimenta1 values, arid the devia- 
tion decreased with incrc.asircg .jet-pr~.ssure ratio. 
This  deviation was less at Mach 1.6 than at Mach 
2.0 and was l e s s  with high-area-ratio nozzles than 
with low-area-ratio designs. The eject of base bleed 
on base-pressvrcJ ratio could b P  predicted with good 
accuracy in the range sf bleed flows .for which the 
bleed momentum could be neglected. 

1 INTRODUCTION 

' 

~ 

The base Row resulting from the iiiutuiil ititer- 
action or exhaust jets and/or I'rotii the interaction 
of exhaust jets and the estertlid stream is of 
intorcst to aircraft and missile designers because 
of its influence on base drag iind heating. This 
generill type ol' flow lins proved to be difficult to  
tretbt analyticdly, but such 1\11 :inalysis would be 
of value in prcdicting base conditions for a specific 
design and in determining the significant flow 

IN A 

parameters t h t  need to be considered in experi- 
mental studies. In recent yciirs analytical tech- 
niques have progressed to the point where it is 
possible to predict birsc gils temperatures and 
prcwures of' sitiipl~ configurutions, and these tech- 
niqrtcls arc esploi*ctl in the present study of single- 
je t  iritei*:~tiori with an externill stream. 

1Jp to this tiiiic inost analyses of base pressure 
have eniployed the theoreti(*al flow model de- 
scribed in rcl'ercnces 1 ant1 2 for uniform total 
t ctiilm-:iturc. Tl~eoretic;~l results 1i:tve shown 
good correl:~ t ion with d:r ta Eor two-dinicnsional 
flows with tmbulent mixing (e.g., refs. 2 to 4). 
Je t  effects on iittnular biiw pwssures in 11 super- 
sotiic stream were det crnt i n c t l  cxperimc~nttdly in 
tlic study of reference 5 with sniiill-scale models, 
and results were coiiipnrecl with theoretical 
predications obtained from :I modified version 
ol this flow model. Tlic corrcliition is good for 
convergent nozzles but  riot for coiivergent- 
divergent nozzles. The prcwnt study extends 
this work of' reference 5 with convergent-divergent 
nozzles and differs chiefly in that  larger scale 
niodels were used for the esperimental data and 
effects of' base b l e d  were included. 

The idaptation to  the flow model that  is re- 
quired to account for nonuniform total-tempera- 
ture effccts to permit a calculation of base gas 
temperature is described in references 6 and '7. 
The limited base-pressure and -temperature data 
presented in reference 6 for a two-dimensional 
rearward facing step show good correlation with 
theory. I n  tlic present study the axisymmetric 
flow inodel ol reference 5 t i i s  been adapted to 
account for jet total-temperature effects, and re- 
sults are coinpared with experimental base-gas 

1 
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teiiipcraturcs and ptwsures of liytlrogen pwoside 
rocltct motors in a supersonic stream. 

FLOW MODEL 

The csscntial dct ids  of the Row iiiodel usctl iii 
the hsc-flow aiidysis of this rcport lire shown in 
figitre 1. Figures 1 (ii)  and (b) illustrate the flow 
p i t  term with undercspnntled ( p I > p b )  ~ n d  ovcr- 
expatided (p,<pb) jets, rcspcctivelv. In ritlic.i* 
cnse the jet and tlic streain total pressures, total 
tenipcrt~tures, and giis propert irs (y and I?) tii:iy 

be tit tirhitrary :ind tliffcriiig v:tluc~s. (Sytiibols 
are clcfintd in i ipp(~tdis A.) I t  is iissutnctl t h i L t  

the tiomle is flowing full for both the  overespiititlctl 
antl t tic. underexptintlctl jet, antl t h a t  in either c:iw 
tlie cxtcrrial and ititcwitil stretitiis espiind or cotii- 
press to base prcssurc itiinictliiitcly clownstreaiii of 
the 1)w.e surface. Kcglecting for the iiioiiient t l i c  

effects of iiiixitig, t tic shapes ol‘ the bouiitl:iric.s 

t x l e r n a l  stream 
,-Trail ing 

4 shock 

_ _ _ _ _ _  L im i t i ng  streamline ( s  
--___ Separat ing Streamline ( j  

(referred to as the free strc:iiiilitirs) of the two 
axispiiirii e t ric streaii t s downs t i w i i i  of t 1 1  e bise 
iiitiy be  dctermiried by ~iiethods iii the litertittire 
(or i t i  the  case of t t i c  overespantlctl jet, by modifi- 
ciitiotis of these methods). At the. point of inter- 
section ol‘ the estcrniil and iritertiiil streams there 
tire triiiling slioc-k wives wtiicti deflect the  two 
strciitiis so that the sttitic prmsures and flow 
directions dowtistr(viiii of tlic iiitersection itre 
eqiitil for both stretitiis. I t  is iissutiied that  tlie 
pressure rise of (lie trailing sliock waves coi*rc- 
spoiitls to that  of :I sitiiple plane wive that deflrc-ts 
tlie flow direction of ciich s t remi froiii that of the  
free streiiiiiline just :ilicid of the iiitersectioii to  
the  ( ~ ~ ~ i i t i i o n  value tlownstre:iiii ol‘ the intersection. 
As tliscwssed in rcl‘ct~~nce 4, tlicsc. mwiiiptioris iire 
iiii ovcrsitiip1ific:itiot~ of whi t  iic-tidly occurs in 
asis)-tiinietric flows, hut the>- lctitl to important 
sitiiplificiitions for iiiitiicricwl solutiolis of the 1)itse 
f l0W.  

c I 

FIGURE I .--l>c4:iils of flow in base region. I 
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The effects of tiiixing dong the bound:tries ol 
t l i o  two streiiriis iire considered next. The usual 
:issutnptions iire made that the mixing is turbulent 
: i t id (in the nouienclature ol ref. 6) is fully devel- 
oped :itlend ol' the trailing shock. Located within 
1)otli the interiiiil iind exterrid mixing profiles are 
two streamlines of s p e c d  significance referred to 
:is the liriiiting tind the sepnriiting strcnnilines 
(:itid intliciitctl in fig. I ) .  The separating stream- 
liiic of the estrrniil flow is defined :is that for 
which the i t i t q p t e d  total flow rate external to 
i t  is equal to the total flow rHte of the cxternnl 
streatti upstrcwt1i of the base. Similarly the sepn- 
ixting streamline of the inttvnal flow is that for 
wliicli the intcgnited flow rrite inside it is equal to 
tlie flow rate of tlie nozzle. A two-dimensional 
ittising profile of the type described in refcwwce 6 
(but tnotlifietl to account for viiriations in gits prop- 
ert ies through the profile as discussed in appendix 
B) is assuiiiect to be superimposed upon the two 
strcwtns so t t int  the separating streamlines coincide 
wit ti the free streamlines discussed earlier and so 
t l i i i t  the flow directions throughout the profiles 
ii1.e unifornily equal to the 10c:il values of the free 
st rcatiilines. 'l'hc limiting streamline of either 
stretiin is defined as that  which when s1:Lgnated 
isentropically produces a stntic-pressure rise equal 
to that of the triiiling sliock wave. This pressure 
rise is equal for both t l i e  internal ant1 external 
limiting streitinlines. Thus till the flow outside 
t hc external litniting streimiline and inside the 
internal limiting streamline has sufficient velocity 
to negotiate the pressure rise of the trailing shock 
wives and proceed downstream. However, the 
flow between the external nnd the internal limit- 
ing strearnlincs lacks sufficient total pressure to 
tiegot iate the pressure rise tind hence reverses 
direction and flows back upstream tow:irtl the base 
surfnce. T n  cwlculriting b:w pressure and gas tem- 
perature, it is necessary to dc~terrtiine lociitiotis of 
the  internal itntl external liniiting streamlines such 
that a mass-flow balance titid an energy brtlmce 
are satisfied for the base region. These balances 
:ire illustrated in figures 1 (c) nntl (d), respectively, 
iittd, as discussxl in  appetitlis B, are obtiiined by 
111eiitis of ;I double trial-and-error solution tissuin- 
itig various vnlues for the base pressure arid teni- 
pc*rature. Effects of base bleed and of base energy 
titldition (such :is by  inems of base burning or 
btisc. heat tratisfer) niay be included in the inass- 
flow iintl energj- balances. 

'I'his aiitilysis of appendix €3 was also applied 
i i i  appendix C to determine tiniilytically the effects 
o 1' viirious i ndepe tident geo I t i et ri c, N erod ynnniic, 
rind therniodynnniic variables on the wake-flow 
pmmeters ,  walr~-pressure rii tio, and base-temper- 
iiture ratio. 'I'hese variables were varied systeniut- 
i c d y  to show trends of cffects and to show 
vonditions lor which eiich v:iri:ible l ~ i i d  a n  im- 
portant effect on base flow. 

APPARATUS AND PROCEDURE 

The experinicnt:il portion of this investigation 
was conducted in the Lewis 8- by 6-foot wind 
tuniiel. Eight single-jet esliriust-nozzle configura- 
tions of varying design were studied in the super- 
sonic test section of the tunriel. Four of these 
nozzles used unheated air iis the propellriiit fluid 
:itid were investigated a t  it free-stream hlwch nuin- 
ber of 2.0; the other nozzles employed hydrogen 
peroxide and were investigated a t  frw-stream 
,\fadl numbers of 2.0 and 1.6. 

The wind-tunnel instsllrition is sketched in 
figure 2 .  The model cinployctl a 20' conicnl nose 

1 p 1 0 1 . m  2.-Tuiiiiel iiistallat,ioii (diiriensioiis i i i  inches). 

m t l  two support struts nortiid to the body axis 
which spanned the  6-foot tliniension of the test 
sect ion. 

COLD-JET MODELS 

Unheated dried air WHS ducted tlirougli the 
support struts iind straightened by means of n 
honeyconib before entering the nozzle. Four 
interchangeable nozzle configurations are shown 
in figure 3, three isentropic contoured nozzles with 
design pressure ratios Pj /pe  of 20, 50, :itid 100, 
:tnd one 13.4' conical nozzle designed for :t pres- 
sure ratio of 50. Henceforth these nozzles will bc 
referred to  by the design pressure ratio and tlw 
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(a) Design pressure ratio, 20: isriitropic nozzltt. 
(c) Design pressure. ratio, 100; iseiit ropir nozzlt.. 

(11) Design prcwiire ratio, 50; isentropic iiozzlc. 
(d) Desigii prc.ssrire ratio, 50; conical ~iozz lc .  

FIGURE 3.-- ('old-jet iiozzk coiifiguratioti.. . I t s 1  di:iirictc*r l) , ,  1 inches; base tli:irnrter ratio l ) b / D , ,  2.0. 

'0 2 4 6 8 IO 12 14 
Axial d istance from nozz le throat, in. 

FIG[ RE 4. - Cold- j (~t  i iozz lc  :irta:i v:iri:itioii-. 

typv ol riozzle sliilpc'. Tlie isciitropic C ~ I I ~ O U W  

mcrc determined by ttie apprositri:itc riictliod of 
rcfercnce 8, and ttic resulting iircii viiriutiotis lor 
these arid the coiiictil nozzlc :ire present ctl in 
figure 4. All four tiozzles l i t i t l  4-iticti exit diiiiiie- 

tcrs; tictic-e a11 coiifiguriitions h:id base- to j r t -  
diiiiiit~tcr ratios of 2. 

T o  drtertiiiric~ 1)iisc-t)lecd eflccts the hisc plate 
was rciiioved to pcrtiiit passage of' air through the 
ii  nnuliu- opening between tht> nozzle arid itl'tcr- 
body. A sepuriitr ducting :trrtirigctnent t tirough 
the struts was used to supply t l i v  bleed air l'rotii 
i i  soiirct~ esterrill1 to ttie tunnel. 

'I'liv j c t  total prossiirc. was drtmiiiricd with n 
16-t11b(~ rakc located downstrcmii of the lionc~y- 
coiiit), and jet exit static pressurc f'roni two orificw 
1ocntc.d about $i itirti upstrcani of' tlie exit plant.. 
For tlic coilfiguratiotis wiih 110 base bleed, avorngc~ 
basci pimsurc \vas dctcrinincd lroiii cight orifiws 
on t l i c  hase plat(. locaatcd in tlic plane nomtal to 
that ol' t h r ~  struts. With thc opcti-l)asc configurn- 
tioris lor blecd studics, t he c4gh t base-pressure 
orifiws werc 1ocatc.d oii the inticit- surface ol' tlir 
aftcrhody about 1 iiicli upstrcwri of' tlic exit platic. 
'I' l ir(~~ Pitot tubcs lo(-:Lted in t t i c  hlccd passage B 
inc1it.s upstreatii of tlie exii platic werc uscd to 
iii~asurc~ bleed total prcssurc. Bleed-flotv ratcs 
11-ere dctcriiiiricd with a standard ASSIF, orifice. 
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‘---I 

( C )  

(a) Design pressure ratio, 30; isentropic nozzle. 
(c) lksign pressure ratio, 344; chopped nozzlr. 

FI(:URE Fj.-Hot-jrt nozzle corifiguratioiis. 

0.476 Dj--- - 

( d )  

(b) Design pressure ratio, 344; isentropic nozzle. 
(d) Design pressure ratio, 30; coiiical nozzlv. 

.Jet dianietc,r D,, 4 inches; base diameter ratio Dh/L)i, 2.0. 

For a portion of the test, a survey of thc base flow 
was conducted with translating Pitot rakes. One 
rake was niounted on the basc plate, and a second 
rake was mounted froin a strut downstream of ihc 
iiiodel. 

HOT-JET MODELS 

‘rhe 1iydrogc.n peroxide rocket systeiii used \vas 
ol the type dcscribcd in dctail in reference 9. 
‘I’hc pressurizckd hydrogen peroxide entered a 
cat al>-tic decomposition charnbcr of silvclr mesh 
screens which caused the dccoriipositiorl of the 
peroxidc into oxygcn and stcani. The 90 percent 
liydrogcn peroxide and water mixture that was 
used rcsulied in t tic following je t  cliaracteristics: 
Total tc>iiiperatiirc T,, 1820’ R ;  ratio of specific 
heats y,, 1.27; specific. gas constant I{,, 2249 
ftL/(scc.’) (OR). The cylindrical afterbody was 

I 

cwployed, and for all nozzlcs the base- to jet- 
diameter ratio was 2. 

The details of tlic nozzlcs investigated aw 
shown in figure 5 .  The wall contours of tlie 
isentropic nozzlrs wcrc approximated by using the 
coordinates prcscnted in reference 10 for y= 1.4 
witliout correction for thc charigc in y. T l i ~  
rcsiilting one-dimensional arca ratios were such 
that, for y=1.27, the design pressure ratios Pj/p,  
were 30 (fig. 5(a)) and 344 (fig. Fj(b)). ‘1’0 siniu- 
late a contoured nozzle with a inore practical 
lcngtti than tlic full-lcngth isc.ntropic nozzles, the 
chopped riozzlc design illustrated in figure 5(c) 
was employed. The isentropic contour prcsented 
in reference 10 for a riozzlc with an area ratio of 
217 was cut back so that the resulting one- 
dimensional exit area ratio and lierice tlie design 
prcssurc ratio was tlic same as that of tlie 344 



6 TECHSICAL REPORT 11- 1 2 5-XATIOSAL AERONAVTICS A S D  SPACE ADJIISISTRATIOS 

isentropic nozzlc of figiirr 5(b). A prcssuro-ratio- 
30 conical iiozzlc (fig. 5(d)) ~ v n s  also c.iiiplo?-cd. 
Thc :wra variations of tho four iiozzlcs arc sliowii 
in figiii-c 6. 

rake which was strut-mounted downstrrain of the 
inodel. The hydrogen prrosidr weight flow \vas 
deterinincd with clectroriic flow iiicters. 

RESULTS AND DISCUSSION 

Axial d is tance from nozz le throat. in. 

FIGGRE 6-Hot-jet irozelr :LW:I variations. 

For all Ilozzlrs thc c~xtcrllal surl‘rrcc ol‘ the 
decoiiipositioii cliiiliiber iind 110zzle was \vr:ipped 
with n wiitw-cooling roil to  protcvi iiistru- 
iiiciit at ion. 

The jet total prcssuro aiid tc.tiipci*nturr wrrr 
inensured by threc pressure transduccrs arid t h e e  
tlieriiiocouplrs loca tcd iii t l i c  devoiiiposition 
ctiaiiibcr. Static$-pressurc taps were located along 
the waUs of tlic iiozzlcs io dcteriiiinr intcwial 
pressure distributions, aiid t l i v  jct cxi t prrssure 
\\-as deteriiiiiied t)y thrrc ori5cm located just 
iipstrcaiii of tlic nozzle exit. Base-rrgion instru- 
iiieiitatioii was located in t tic planc iioriiial to 
tliat of the struts. Tlic nveragc~ base static. pres- 
sure was nicasurc.d with (light ori;iws on ttir base 
plate, and the nvcragcci basc 1 c~iiipcwtiirc was 
obtainrd froiii right tlit~riiiocouplrs lociitcd j: inch 
froin t lie hsc. plat(. surl‘ac~~. For a portion of t tic 
test, tciiipcraturc pro5lcs downstrraiii of tlic base 
I{-err obtained wit ti a trnnslatiiig tlit~riiioc~ouplc 

L 

BASE-FLOW SURVEYS 

Typical rcwilts from the  bas(.-flow surveys are 
prewiited i n  figures 7 arid 8, and for coniparison 
the  frcc strcariilincs and trailing shock wavrs of 
the t hcoreticd flow inodcl liavr t)wn supcriiiiposcd 
upon the c.xprriiiicwta1 data. Shown ill figure ’7 
are  vclocity-ratio profiles for t l i r  cold-jc.t pressure- 
ratio-50 conical nozzle opcrating at a jet prcssure 
ratio PJpb ol‘ 62.3. For tlic calculatioii of local- 
to  idcal-velocity ratio a local Mach  nuniiber was 
coniputed using tlic ratio of local Pitot pressure 
to  an assuliied value of local static pressure. 
LTpstrcani ol‘ t tie trailing shocks thc local static 
pressurc wns assunlied to bo cqiiul to  the cxpcri- 
iiiciital basc pressure, and downstrcaiii of t h e  
trailing stlocks it W B S  assumed equal to that of 
tlic ilicoreiical flow Inodrl. Tlir ideal velocity in 
tvwli rrgioii was dctertiiiiicid USiTig the theoretical 
M a c h  iiiiiiibrr of tlic flow iiiodcl a t  the edge of the 
mixing region. The origiii (or base line) ol the 
individual profiles showri in  tlic figurc. indicates 
the location of tlie rake. Although the rakes 
were dined axially with tlic. iiiodel, the flow profiles 
are drawn parallel to the directions of the theo- 
retical local frcc strcaiiilines to clarify the 
prescri t a t  ion. 

Thr free streainlines and trailing shock waves 
shown in figure 7 were deteriiiined by the pro- 
wdurrs described in steps (1) and ( 2 )  of appcridis 
B arid using the. experi1iientnl value. of base- 
pressure ratio. External strraiiilino coordinates 
wer(’ obtained froiii bhe cliaractrristic solutioiis of 
refcrencc 1 I ,  and the cirvwlar-arc approximation 
iiicthod of rcferencc 12 was used to obtain iritcriial 
strctiiiilinc coordinates. The rrsults show quali- 
tativcb agrwnient betwwii tliv theoretical flow 
iiiodcl and tlie loration of expc~rimentsl rclocaity 
gradicrit s. 

Figure 8 presrnts typical total-tc.iiipei.nt~ire 
proiilcs dowiistreniii of t l ir  bast> of ttic 344 isen- 
tropic iiozzlc opcrating at a jrt-pressui-c ratio of 
350. In  a iiitiiinrr similar to that of figure 7, the 
tticorc$ical free streainliiics niid trailing shock 
waves of the flow modrl art’ also showii. For 
figiirc 8 tlic iiiterrial strc~nrnliiic~ coordinates were 
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FIGURE 7. I<sprriiiwiital cold-jet wlocitJ- distributions. Pressure-ratio-50 conical nozzle; jet-pressure ratio P,/pb,  

M,=2.0 

62.3; base-pressure ratio p b / p u ,  0.260. 

Local to free-streom totol-temperature ratio, T/T, 

Axiol  d is tonce f rom nozz le bose,  Z/Dj 

1’IC:URE 8.--Experiinei1t:iI hot-jet temperature distributions. Prcssurc.-r:itio-344 iselltropic i i o z z k ;  jet-pressure ratio 
P , / p b ,  350; base-pressiirc. ratio pb/pu, 0.289. 

62Hh.74- 6 -  ‘1 
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Jet-pressure ratio, T/pb 
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Trailing-shock-wave 

Limi ting-streamline 
colcula tion 

4.4 colculat ion 

.;.~--r 7 -r --- 

calculation 
Limit ing -streamline -----_- oQ 

\ 
Q* 

3.8 
? 
E! 
3 
m 

3.0 : 
2 2.2 

aJ 
x 

50 70 90 110 I30 30 

9 /Pb Jet -pressure ro t io ,  

(c) Colliparisoti of trxiiiiig-hlioch-15 :t\ c : t i i d  limit itig- 
IZ t ream 11 t I C  TT akv-prrssurc ratios. 

 FIG^ RIG !).-C~ontinuc~l. Raw-Ho\\ pnr:ttnetcrs of  pre~srirc- 
ratio-100 iselit lopic tiozzlv. 

As tlcwribctl in :ippcntlix B, soverwl values of 
bwsc-pressuw ratio :ire :issuIiied, iind the corre- 
spot 1 t I j I 1g v:ilaes of' t ri~ilit~g-shocli-w:i~e ti rid lit t i it - 
irig-stre:itiiline walce-pressure ratios were det er- 
ttiinetl. For the litiiitiug-streaiiiliue calci~lrition it 
W:~S  iisSt1tiied that the j r t  ant1 f'ree-strc:ini total 

Nozzle pressure ratio, P po 
// 

(d) Chiiiparisoii of thtwreticnl :tiid c~rperirnc~trtal 1x1s~~- 
prcssurc ratios. 

E'IGUBE !).-Coticludcd. B:is;cs-Ho\v par:tti:etcrs of pressrtrc.- 
ratio- 100 isentropic iiozzlc. 

of S less t l i i i i i  1 geti~rallj- :ire associated with ran- 
figurations for whic~li the rockct motor exteritls 
tlownstrewin of' the h s e ,  iititl values of X greatw 
t h ~ 1 1  I correspond to gckonietrics for which the 
outer shout1 extends (low-tistreaiii of the jet exit.) 
Heti('(. the cliiirts of referelice 3 were  US^. ' l ' l t ~  
b:ise-pressure ratio for \rlticli the slioc-li i i n t l  

streatiilitie wiike-pressure ratios :ire equal is tlicn 
tlie theoretic~al viilirc of b;isc.-pressure ratio. 

As shown iri figure 9(b), two solutioris arc possiblc 
for n given value of nozzlc pressure ratio: ono 
c-orresponding to the underexpatitlcd flow pattern 
i l lustratd in figure 1 ( a )  (at pD/po=0.16), t ir id  

;inother corrcsponditig to tlie overexpanded flow 
pattern of figure l (b)  (at p,, /p0=0.46).  It is not 
litiowri beforchnntl whic+li solution will exist 
cxperii i t en tally. 

Th c t 11 eorct ical r:i tios of t r d i  I ig-shock-wiivc. 
;iutl liiniting-streRniliue wilw pressure correspond- 
itig to the cxperititent:il v:iliies of base-pressur(. 
ratio iii figurc. 9(s) were cotnputetl by the pro(*($- 
(lures of appendix R. These cii1cul:itioris nvw 
tti:itle :it jet-pressurc ratios for which the nozzlo 
W H S  flowing firll, :ind the  results are shown in  
figure 9(c) for each 1~r:incIi of the hysteresis loop. 
As tliscussed in appendix B, the trailing-shock 
pressure rise depentls iipoti the ,\Inch numbers 
and flow dircctions of the ititerrid and external 
free streatitlitics a t  their point of intersection, 
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whercas the liinititig-strcaitililic prcssurc rise de- 
p e d s  only upon the ~ I ~ i r I t  ~lnrnbe~*s.  If t h e  
theorctical flow itiodel c.x;ictly describes the  
cxpcrinnental flow pIicrtoiticri:i, t h c l  tr:iili~ig-sh~~*li 
and tlie lit~iiting-strc:iirilitie Willie-prcssurc ratios 
would be eq11ii1 for :I giveti jet-prcssurc ratio, iis 

iI1iistr:ited in figurc S(b). I t  is itpparciit thnt, in 
spite of tlic Ii~rgc. nuii ibcr of msuinptiorls t h t  
must be ~ n : i t I f h  in t h e  flow iitotlc~l, the results wcw 
in fairly good wgrrwiiciit. For t lipse dcu1:it ions 
the cxtern:il free strett1ttliric wits agiiiri obttiilid 
froiii referenre 11, :itid t l i c  ititertriil free stremililic 
WAS conipiitctl by the tttcthotl ol‘ refcre1lce 1 3  
T h e  t r~iiliiig-shocli-wrLvc solution shows ii sh:lrp 
incrciise in wake-pressur(> ratio for effcc-t ivc j(>t - 
prcssure ratios less thtui ii1)oiit 50. This in(w:ise 
occurred bwiiuse t h e  origin ol‘ t lie trriiling-shock 

lip shock froiii t hc  oppositcx sidc ol‘ thci nozzle hiid 
produced :I sharp c~ltw~igc~ i n  flow dircc.tioti of‘ the  
interriiil frw strciiiiiline upstre:iin of the intcr- 
section of thc intcrnaI arid extcrnal streamlines. 
This situation is i l lustratd in figure l (b ) .  III tlie 
calculation this effcct of the lip shock w:is approx- 
imated by :issumirig it to bc t i  pliirie w:ive. ?‘he 
strcritnline shape tlownstrcniii of the in terscct ion 
wiis ngwin obttiinctl 113- thc c:tlculiition proceduw ol‘ 
ref‘ercnce 18 iind with tlic nssuniptioti that the  
flow issued from :I fictitious nozzle with :in exit 
Mach number ,%I, (see fig. 1 (b) for definition) ii~id 
expniided through the prcssurc’ ratio p,/p,,. As 
shown in figure 9(c), tlic lip shock cffect wiis 
largc on the  triiiling-shock solution, since the  
chnnge in flow dircctiott WAS liwge; but  beciiusc 
the (h inge  in internal frce-strc.:irli Mwli  number 
at the point of intersection of the esterniil tirid 

tlie internid stretmiliries was siiiiill, the change in 
tlie limititig-streniiiline solution was negligible. 

The proccdurc illustrated in figurc 9(b) wiis 
repcnted for a range of nozzlc pressure rtitio, and 
the resulting theoreticiil base-pressure ratios :ire 
compared with the experirnentd values in figure 
9(d). At the lowest nozzle pressurtb ratios for 
\vhic+li the nozzle was flowing full (Pj/po= IG), 
the experimental base-prcssurr rtitio was equiil to 
thc theoreticnl ovcrexp:iiided solution. As nozzle 
pressure ratio i i i crcwd,  the experitiirlitiil curves 
crossrtl over the rcgion betwcen the ovcrexpitnded 
and the underexp:iiidetl solutions, iind at nozzle 
pressure ratios grcater than design npproiic-lied 
very closely the iinderexp:inded solutions. In this 

WAV(’S had Itloved fw ellollgh doWtIStrC:lI~1 tllilt the 

pressure-rat io rungc whcre the crossover occt~rre I 
the hysteresis loop iilso occurred, tind it is not clear 
what flow phc~itomenti existcd iti order to  yield 
(~xperi~iicnttil biise prcssurc~s bctwren the two 
solutions. 

Dah  Tor the otller cold-jcbt liozzlrs iirc presented 
i i i  figurcs 10 to 12. Shown are thr  experiment:il 

~- 
0 20 40 60 80 100 120 

Jet-pressure ratio, p/pb 

(a) Espc.riineiit,:il base-prcsssure chitracteristics. 

FIGURE 10.-13:~se-flow par:iuic~ters of pressure-ratio-50 
isc:iitropic nozzle. 

- ~ ~ -  - 
0 4 8 12 16 20- 24 28 32 36 

Nozzle pressure ratio, f? po 
J/ 

b:isc-pressure charwteristic’s and  the c*oiiip:irisoti 
of the theoretical underexpiindetl solutions wit Ii 
the experimental base-pressure ratios for the rri~tgtl 
of jet-pressure ratios for which there wiis not t i  

lip shork and a free stretittiline interference effect. 
Beciiiise figure 9(d) had shown that the thcoreticd 
overexpanded solution is ol‘ sigriificmtce only :it 

low jet-pressure ratios, whcre the iiozzle is flowing 
full, these solutions were not obtnined for the 
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(b) Comparison of thvoretical and esperirrrrital base- 
prrssurc ratiob. 

I~'rau~ts 1 1.-Concluded. Base-flow parair cters of  prrbsure- 
ratio-20 isentropic nozzle. 

nozzles of figures 10 to 12. Results were essen- 
tially the s tme as those discussed in figure 9:  IL 
hysteresis loop occurred a t  the lower jet-pressure 
ratios for which the nozzle was flowing lull, wnd 
the experinien till btise-pressure ratios were close 
to the theoreticvil uiiderexpantled solutions at  jet- 
pressure ratios greater th in  design. In addition, 
for the isentropic nozzles the datii for the low- 

d(.sigii-pressure-rritio nozzle (fig. 11 (b)) agreed 
more closely with theory than did data for the 
liigli-pressure-ratio designs (figs. 9(d) and 1O(b)) 
For the same design pressure ratio the conical- 
nozzle data (fig. 12(b)) showed better correlation 
with theory tliiui those for tlir isentropic nozzle 
(fig. 10(b)). In till cases tlie external free stre:m- 
line wiis determined from referrlice 11. For jet- 
pressurr ratios less than design the internal free 
streaniline was obtained from reference 13, arid 
for jet-pressure ratios greater than design the 
circular-arc approxiniation of' referrrice 12 was 
used. 

It was determined that :i partimeter which cor- 
rchted fairly well tlie difference between theory 
unci experiment for till the nozzles was the ratio 
ol' j e t  to design pressure ratio ( P J p b ) / ( P l / p J d e a .  
Results are shown in figure 13 for the deviation 
between limitirig-strcarnlirie tirid trailing-shock 
wake-pressure ratio. Data  such :is those pre- 
sented in figure 9(c) were used in computing this 
deviation. The correlation wiis fairly good re- 
gardless of nozzle design and perhaps could be 
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01 vdue  as t m  ettipirical c~orrevtioti to tlic thcorcti- 
(.a1 litniting-strcunilitie wake-pressure ratio so 21s 
to itriprove the accurticy of predictiolis of lxise- 
pressure ratio. It should be kept in iiiitid. liow- 
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Fi(;i.r.B; 14.--Sriiiiit~:iry of bnsc.-1)rrssrirc~- ratio dvvi:ttioii fo r  
cold-jet iiozzlcs. 

jct and strean) total tctnpenttures differed, the 
eticrgj- ba1:ince dcscribctl in this appeiitlix \viis u 
tiec~cssar~- corisiderii t ion. (For t l i e  cold-je t iiiodcls, 
t 11 is requirein en t was iiu tot i i  i i  t icwllj- satisfied .) 
For all c-iilculations tlic cxtertiiil free strctiiiiliiie 
wiis obt:tined frotii referelice 11 ; the iiiterniil free 
str~eaiiiliric~ was obtainctl by one of sevetxl tiietliods 
it1 the literature. This selection mris based on 
wliicving the highest trccurncy for the particular 
iiozzle type being studicd. For tlic 344 isentropic 
tiozzle t l i c  itietliotl of rcf'erencc I :3 was criiploj-otl. 
'rhc results in figurcs 15(b) tuid (c) show that the 
thcoreticiil bnse-prcssurc* ratios were soinewliat 

ttritl that  the difference w:is ltirgcr at tlie lower 
,\liich nutiiber. 

llie csperitiictitiil b:ise- i i t i c l  jet-tciiipemture 
ratios ( TJTO niid TJT,) : t i i d  tlic theoretical base- 
tt~tnper:iturr ratios of tlic 344 isentropic nozzle 
i i i ~  showti in figures I f ; ( d )  : i t id  ( e ) .  At both 
strwin M:icli Iiumbers t tie esperiiiieiital biise 
t(3tiiperi1tttres \VC'IT coolct. t t i i i t i  theory, :it lt l  tlie 
differencci wiis Itirgrr a t  t tic highcr Slacli riutnt)r.r. 
Tliere is n possibilitj- tlitit nozzlc wall cooling mtiy 
have influciiced the experiiiictit:il datii so :is to  
product these cooler biise tetiiperatures. The  
thcoreticiil flow iiiodel of' appciidix B iissutiies u 
otic-diiiirtisional tot al-t (Iiiiperii t itre profile w t t lit. 
nozzle exit, whcreiis in iictudity the periphery 
wiis coolcd :ti1 uiilitiown iiiiioririt by the iiozzle wit11. 
Hcric~ t l i c  eiiergj- terms (piirticu1:irlj- i?c,t) would 
h v c ~  been iiiflucticwl to 1111 unknown extent. 

A siriiiliir an:il~-sis of' the base-flow puram2t w s  
of the  :30 isentropic iiozzle, the 344 choppcd 
~iozzle, : i t id  the 30 coriicd nozzle is presented in 
figures 16 to 18. Except for the coriiciil nozzle, 
the interriiil free stretitiilincs were again obtaiticd 
by the tiic.ttiod ol' rcferciice 1 3 .  For the conical 
tiozzle the cliariictcristic solutiolis of refcrencc 12 
w t w  etiiploj-ed. The cotiiparisoti betwccri t1ic.o- 
rclticxl i i n t l  expcririiental base-pressure ratios of 
t l i c i  30 isc.titropi(a nozzle (fig. 16(b) and ( c ) )  
sliowetl :t tliscrcp:tticj- of' about the stttiic magtii- 
tu:!c tis obsc.rvrtl for tlic. 344 isrntropic nozzle tit 

S1:icli 2 but  less tlifferctice a t  1f:icIi 1.6. How- 
wer ,  for t h e  344 chopped and :30 conical nozzles 

tticoreticd :ind experitiieiitul values were in 
except iot i ii lly good agreein en t. 

less th:lll the dtltll At both stre:1tn lZIacll nutnbcrs, 

,. 

(figs. 1 i (h)  iitid ( e )  i i l l t l  18(b) t11itI (c)) the 
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FIGURE I(i.-Basc-flow parameters of pressure-ratio-30 
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temperature ratios. Free-stream Mach number Mo, 
2.0. 

FIGURE 16.-Cotit inued. Ihe-flow parameters of pressure- 
ratio-30 isentropic nozzle. 
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FIGURE 16.-Concluded. Base-flow parameters of pressure- 
ratio-30 isentropic nozzlc. 

The experimen tal and theoretical base-temper- 
ature ratios of these three nozzles (figs. 16(d) and 
(e), 17(d) and (e), and 18(d) antl (e)) showed a 
trend that  had not been observed for the 344 
isentropic nozzle: as jet-pressure ratio increased, 
the diff erences between theory and experiment 
decreased. For all the nozzles, however, the 
experiinen tal values were generally cooler than 

theory, arid the discrepancy was 
higher free-stream Mach number. 

STREAM 17 

larger at, t'he 

The use of the jet to design pressure ratio as a 
correlating paranwter for the tliscrepancy between 
theory antl esperiinent was also investigated for 
the hot-jet iiiodels. Results for tlie deviation in 
lii tii ting-s t rearnliitc wake-pressure ratio arc' slionm 
in figure 19 for free-streaiti AIach nunibrrs of 2.0 
a r i d  1.6. For purposes of coiiiparison, the cold-jet 
correlation curve froin figure 13 is also shown in 
figure 19(a). Except for the full-length isentropic 
nozzles, the r twl t s  for the  hot-jet iiiodel did not 
correlate for tlie different iiozzlc designs, nor did 
they correlate with the cold-jet results. The 
hot-jet isentropic nozzles correlated well with 
each othcr but  were a t  a niuch higlicr level thati 
the cold-jet corwlation curve. There is a pos- 
sibility tlial this lack of corrclatiori may havc 
been a result of inadequscies in detcrtnining the 
internal free streanilinc. As indicated earlier, 
different inetliotls were used, depending upon 
which was most accurate for the particular iiozzlr 
design. For all iiiethods, however, there were 
interpolations, extrapolations, or approxitnations. 

A siini~uar\- of the (leviation between tlicoreticnl 
and cxpcriiticiiitnl base-pressure and -teniperaturc 
ratiosis presented in figures 20 and 21, respectively, 
as a function of jet to design pressure ratio for 
both frec-stream hlach nuitibers. The error iti 
base-pressure ratio was less for the short nozzles 
(the conical and the chopped configurations) than 
for the full-length isentropic nozzles, and the 
error in base-temperature ratio generally mas less 
for the high-area-ratio nozzles (the 344 isentropic 
and the 344 chopped configurations) than for 
the low-area-ratio designs. 

BASE BLEED 

Rase-1)leetl effects on base-pressure ratio of 
the four cold-jet models a t  a free-stream Mach 
riuriiber of 2.0 are presented in figure 22. Results 
are presented as a function of bleed mass-flow ratio 
mb/mo, where m, is defined as the free-stream 
mass-flow rate through an area equal to the 
annular area of the base. As has been observed 
in two-dimensional base-bleed studies (e.g., ref. 
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(a) Experimental base-pressure characteristics. 

FIGTIRE lli.-Base-flow parameters of pressure-ratio-344 chopped nozzle 

Nozzle pressure ratio, e po 
l /  

(b) Comparison of theoretical and cxpcrimetital base- 

FIG~JRE 17.-Continued. Base-flow pnramttcrs of pressurc- 
ratio-344 chopped nozale. 

pressure ratios. Free-stream Mach nunlber ilfo. 2.0. 

7 p o  Nozzle pressure ratio, 

(c) Coiiiparison of theoretical and exprrimcntnl bmr- 
prcssurr ratios. Frcr-strcam Marh nuniber M0, 1.6 

FIGVRE 1 ’i.-Continued. Base-flow pnr:tmctrrs of pre>st~ri’- 
ratio-344 chopped nozzle. 
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FIGCRE l'i.-Contiiiued. Rasc-flow p:iraiiieters of pressure- 
ratio-344 chopped nozzle. 

14), increasing the bled-flow rate first increasctl 

increased it again. In the range of bleed iiiass- 
flow ratios investigatcd, i t  is apparent that the 
base-prcsure ratio was virtually intlcpcntleii t 
of nozzle pressure ratio and of nozzle design and 
was chiefly a function of bleed niass-flow ratio. 

Tlicse results arc further analyzed in figure 23 
for the 20 iseti tropic nozzle, v-lic~c base-prcssure 
ratio, bleed-pressure ratio Po/po. and the bleetl- 
flow net-thrust cocfficient are sliowii as fuiictions 
of the bleed exit l lacl i  nuiiiber. The base- 
pressure-ratio curve (fig. 23(a)) s1io1v-s that the  
peak in bast pressure occurred a t  a subsonic bleed 
l f ach  nunibcr of about 0.5 and wit11 a bleed total 

I base-pressure ratio, tlicri decreased i t ,  arid finally 

Jet-pressure ratio, F pb 
I /  

(cn) Coiiipnrisoii of t1ieorttic:il aiid esperimeiitnl base- 
tenigeraturc ratios. Free-strcain Mach number AI", 1.6. 

FIGI~RE 17.-Conclridcd. Base-flow parameter> of prcshiire- 
ratio-344 chopped nozzle. 

pressure about cqiial to free-strcani static pwssure 
(fig. 23(b)). These results are consistent with 
tlie t~~o-diiiieiisioiial results of i.cfcrcnce 14. 
Figure 23 (a) also shows that tlic iiiiiiiiiiuin base- 
pressure ratio with base bleed occiirretl at transonic 
bleed hlacli nunibcrs, arid that increases in bleed 
Mach iiuiiiber into tlie supersonic raiigc caused a 
gradual increase in basc-pressure ratio. 

Two cstremc values of bleed-flow net-thrust 
coefficient are shown in figure 23(c) ; the iiiaruiniuiii 
value corresponds to tlie li?-potlietical sitiiatioii in 
wliicli the bleed flow was obtained without an inlet 
nioiiieiitiiiii penalty, arid tlic iiiiiiiniuni value mas 
obtained by assuiiiing the full free-strcani inlet 
iiioiiieiitiiiii penalty. Tlicse results show that, if 
the blecd flow nnist be obtained with a frec- 
stream inlet, with tlie full inlet iiioiii~ntiini penalty 
tliercbj- incurrcd, t h e  will be no retluctioii in 
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(IL) iKspcrimental base-pressure charact,eristics. 

FIGURE l8.--Unse-flow parmicters of prcssare-ratio40 
conical nozzle. 
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(c) Comparison of theoretical and experimental base- 
pressure ratios. Frec-stream hlach number 410, 1.6. 

FIGCRE 18.-Continued. Base-flow pnrametcrs of prrssnrc- 
ratio-30 conical nozzle 

Jet-pressure ratio, P p 
I /  b 

Nozzle pressure ratio, F? po 
I /  

(b) Comparison of theoretical and experimental base- (d) Comparison of theoretical and evperitnental base- 
pressure ratios. Free-stream hlacli number X O ,  3.0. temperature ratios. Free-stream hIach number X0,  2.0. 

FIGURE 18.-Continued. Base-flow parameters of pressure- FIGURE 18.-Continued. Base-flow parameters of prcssurc 
ratio-30 conical 110zzle. ratio-30 conical nozzle. 
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FIGURE 19.-Error correlation for limiting-streamline wake- 
pressure ratio for hot-jet nozzles. 
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FIGURE 18.-Concluded. Base-flow parameters of pressure- FIGURE I g.-Concluded. Error correlation for limiting- 

temperature ratios. Free-stream hlach number Mo, 1.G. (b) Free-stream AIach number &&, 1.6. 

I ratio-30 conical nozzle. strcamline wake-pressure ratio for hot-jet nozzles. 
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Jet to  design pressure ratio, 

(a) Free-stream RIwh iiiiliiber 111~~ 20. 

FIG( RE ZO.--Sunimnrp of ~,:ise-l)rc~hiirc-r:rtio deviation 
for hot-jet nozzlcs. 
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Jet to  design pressure ratio, 
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( t i )  Free-steam Nacli iiii1ii1)er Jlo, l . G .  

FIGL-RE 20.-Concluded. Suiiiiii:iry of bnse-pressure-ratio 
deviation for hot-jet iiozzlcs. 

net base drag. However, if tlic l>lcctl inlet caii 
he located so as to  rcducc t l i c  itilct iiioiiieiitiiiii 
pctialty (c..g., in tlic boiiiitlary laycr of another 
siirface), there is a possihilitJ- of iiiiprovirig tlic 
overall pci*forinancc. Tlicl actual pcrforiiiaiice 

AERONAUTICS A S D  SPACE A D J l I S I S T K A T I O S  

L 

Jet to design pressure ratio, 

(7 /pb) / (  9 /pb)des 
(a) Free-stream 1I:icIi n u l i i b e r  JfP, 2.0. 
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' Design ' Type o f  - 

pressure nozzle 
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Jet to design pressure ratio, 
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(b) Frw-stremi Mticli i i i i i i ib~r  Mo, 1.6. 

FIGURE 21.-Coiicluded. Sumtriary of bnse-teinpcrature- 
ratio deviation. 

t l i c i i  ~voultl lie solnewhere lwtw-ccii tlie curvcs 
of riiaxiiiiiiiii and iiiiiiiiiiutii tliriist coefficient, tlie 
loc*atioii tltpentling upoti tlie particular iristallation. 

Tlit calciilatioii procedure of appendix B was 
iist.tl to tlctcrniinc the thcorctical cffects of base 
1)lccvl oti base pressure. A typical solution is 
slioivti iri figure %(a) for tlic 20 isciitropic riozzlc 
a t  IL tiozzle prcssurc ratio of 12.2. As described 
c ~ a t k ~  iti figure S(c), scrcral willies of base- 
prt~ssurc ratio are assutiietl, t i t i t1  tlic correspoiidiiig 
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0 I .2 .3 .4 .5 
Bleed-mass- f low ratio, rnb/mo 

(a) I’ressurc-ratio-20 isentropic nozzle. 

( c )  Prrssure-ratio-50 conical nozzle. 

(b) Prcwm?-ratio-50 isentropic nozzle. 

(d) Pressure-ratio-100 isentropic nozzle. 

FIGURE 22.--Effect of base bleed on base-prcssure ratio for cold-jet models. 
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- ~ - T T  TV 
Troiling-shock- wove  

Limitinq-streomline - calculation 

Base-pressure rat io,  p * / P o  

values of trailing-sliock and liiiiititig-streallilillc 
pressure rise are determined. Since the limiting- 
streamline walce-prmsure ratio tlepciids up011 
base-bleed inass-flow ratio, several values were 
assumed. The base-pressurc solution then for a 
givcii value of bleed-flow ratio is that  base- 
pressure ratio for which tlirl trailing-shock and 
the appropriate limiting-strcv~un~linc wake-pressure 
ratios are equal. 

A comparison of theore tical uiid csperinieii tal 
base-bleed cffect is shown ii: figure. 24(b). The 

(a) Theoretical solutions. Nozzle pressure ratio P,/po, 
12.2. 

FIGURE 24.-Prediction of base-bleed effects on base- 
pressure-ratio for pressure-ratio-20 isentropic nozzle. 

.4 .8 1.2 1.6 
Bleed exit Mach number 

(a) Base-pressure ratio. 
(b) Bleed-prcssurc ratio. 
(c) Bleed-flow thrust coefficient. 

FIGURE 23.-Analysis of base-blccd perforiiiance for 
pressure-ratio-30 isentropic nozzle. 

- ... Bleed-mass-f low ratio, m 

( I ) )  Cornparisoil with c.xperimc>iit:d dah. 

FIGURE 24. --Concluded. Picdiction of base-bltwl effect3 
on base-pressure ratio for prpssure-rntio-30 iselltropic 
nozzle. 
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results show excellent agreement in the rangc 
of low bleed-flow ratios for which base-pressure 
ratio was increasing to the peak value. At 
higher bleed-flow rates the experimcn tal base 
pressures decreased because of effects of the 
bleed axial momentum (ref. 15). Since this effect 
was neglected in the theoretical calculations, the 
analysis was inadequate for the high bleed-flow 
rates. 

SUMMARY OF RESULTS 

A theoretical and experimental inves tigation 
of jet-stream interaction effects on annular base 
pressure and temperature has been conducted. 
Eight single-jet nozzle configurations of varying 
design were studied. Four of these used unheated 
a 'r  as the propellant fluid and were investigated 
a t  a free-stream Mach number of 2.0; the others 
employed a hydrogen peroxide rocket s p t e m  and 
were investigated a t  Mach 2.0 and 1.6. Results 
were as follows: 

1. Temperature and velocity distributions in 

the flow downstrcarn of the base showed qualita- 
tive agrcenient with the thcorc tical flow rnotlrl. 

2. For jet-pressure ratios equal to or greater 
than design, predicted base-prcssurc ratios were 
generally less than experimental values and were 
in closer agreement with the conical and shortened 
isentropic nozzles than with the full-length 
isentropic nozzles. 

3. In general the predicted base-temperature 
ratios were greater than the experimental values, 
and the deviation dccreased with increasing jet- 
pressure ratio. This deviation was less a t  Mach 
1.6 than a t  2.0 and was less for high-area-ratio 
nozzles than for lorn-area-ratio designs. 

4. The effect of base bleed on base-pressure 
ratio could be predicted with good accuracy in 
the range of bleed flows for which the bleed 
momentum could he neglected. 

LEWIS RESEARCH CENTER 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

CLEVELAND, OHIO, June 21,  1961 



-1 area 
&,, ninximuni model cross-sectioiid area 

Crooco number 
1ic.t-thrust cocfficieiit 
specific heat at  coristatit pressure 
t l itime t er 
cricrgy function (see appt’iidis 13) 

APPENDIX 
SYMBOLS 

crror function ( e r j  V=: J,” -82 (lg) 

mass-flow function (see appeiitlis B) 
Mach number 
mass-flow rate 
equivalent free-stream nxiss-flow rate 

total pressurc 
static pressure 
dynamic pressure 
gas constant 
radial distance 
to tal ternpernturc 
static temperature 
vcloci t y 
mixing-lcngtli ratio, (Pl/gi)/(Se/ge) 
lcngtli of strtwnlitie from base to trailing 

shock or abscsissn of inising-profile coordi- 
nates 

throiigli opcri base, pouoAb 

ordinate of mixing-profile coordinates 
axial distance 
dummy variable 
specific-hcnt ratio 
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A 

!I position parmietcr, CT - 

cl ensity 
similarity p~rai i i t~ter ,  124-2.758 Jl 
iiiixing-profile velocity ratio, local vclocits/ 

velocity outside mixing profile 
energy transfer rate 

X 

Subscripts: 
b 

(1 
d e s  
e 
PSP 
i 

1 
)nux 
mirb 

c 

.i 

I’ 

l * P j  

Y 

sh 
th 

0 
W 

basc or bleed 
t*oiiductive 
convective 
cl esigti 
cxteriial flow 
cxperinicntal 
internal flow 
jet  exit or separatiiig strenirilinc 
local 
iiiaxini~iii 
rniniinuni 
rcflcctcd (sec fig. 1 (b)) 
r(~feroiiw 
iiozzle 1 ~ 1 1  surf;ic-c or limiting strcainline 
shoc~li 
t heoi.~- 
wnkc 
free streani 

Superscripts : 
* sonic 
- p ~ r  unit mid t 1 1  ti t oiigiii of hiling-shock 

waves 



APPENDIX B 

THEORETICAL CALCULATION OF BASE-PRESSURE RATIO pt , /po  AND BASE-GAS-TEMPERATURE 
RATIO 7 ' b / T o  

For ti given basci configuration it wiis assumed 
ttitit till gcoiiietric piirntncters were known and 
tha t  certain flow paralireters wcre specified jus t  
iipstreiirn of the base sui4ac-e for both tlie internill 
(jet) tirid extrrnnl (free-streanl) flow. Thrse 
p;iriimeters iire intlic*atrd in figure 1 (a) and in- 
cluded: Xlach tiutiibers Llfo and M, just outside 
t tie surf;tce bourit1rir.y la>-ers; stiitic pressures 
p,, :tiid p ,  tit the al'terbodj- surface and nozzle 
wall, respectivcily ; total tetripcratures To iind 
TI,  whiclt werc wssu~i~etl to be uriifornl in eticli 
ol' ttir two streatiis (thus heat-transfer effects 
to the nl'terbotly externiil surface iind to the 
iiozzle wtill were neglected) ; and gas properties 
y and R of both stre:inis, which were assuiiied to 
he in frozen equilibriuin a t  all s twt io~~s  tlown- 
stre:tni of the base surface (thus effects of re- 
c-onibination were neglected). 111 ndditioti II 

base-bleed flow rate aiid :L base-energj--atlditioti 
ratc were allowed in the analysis. (Energy 
;iddition could result from base burning, heat 
transfer through the base surface, etc.) 'J'h(1 
theoretical base pressure alid base gas tetiiper- 
iitiire were cotiiputcd by tlir I'ollowing stc.ps: 

(1) A value of btise-pressurc ratio pb/p, ,  w:is 
;issrimed. 

(2) The resulting value of the trtiiling-slioclc 
pressure ratio p,/pb w;is determined. This was 
iicconiplistied by first detertiiitiing the flow di- 
rections ;itid Mach nuiiibers of the iiiteriitil i i t l d  

cxterriul free strcniiilines just upstretiill of their 
intcrscctioii (neglecting eflects of mixing) by one 
of several iiietliods in the litertiture for :ixisyni- 
metric flows. Modifications to these aietliods 
were required to approximate the jct shjipe for 

static pressure dong tlir I'ree strc;inilines WHS 

constant arid equtil to p ,  I'roiii thr> base surl'ace to 
the point of their intersection. The trailing- 
shock pressure ratio then was that correspoiiditig 
to a plme shock wave in both the intrrtinl i iritl  

I 

I ovrrcxprindcd jet flow. I t  WIIS tissutnetl that the 
I 

external flows which produced pnrallel flow with 
uniform static pressure p ,  dow-nstrealn of the 
waves. 

(3) The stagnation-pressure rise of tlie liiiiiting 
streamline aiid the bRse-gas-tetiiper:iture ratio 
T h / r ;  that  correspondrd to tlir :issunled value of 
biisc-pressure ratio were then tletrrniined. 

(a) A value of base-gis-teiiiperature ratio 2 (=gj wiis ttssutne(1. 

(b) T h e  corresponding giis properties y arid R 
ol ttic bttse giis \vere coniputed. For this calcula- 
tion i t  wiis ;issumed that the base-bleed gkts, if 
any, had the same pis properties and total 
tctnper;iture as eithrr the internal or external 
flow. As in reference 6 i t  WIS further tissuuied 
that the total-temperature spread during the 
rriixirig process WAS the satile as thiit of liionieiitutii, 
and hence the  total-trmpernture profile iicross 
the tiiixing zone W H S  siiiiilar to the velocity profile 

1 
cspressed by- cp=-- 2 (1 Serf  7). In the present 

tiiialj-sis the :idditioniil assumption was made that  
giis coiiceiitriitioii iilso spread a t  the s:ime rate as 
~iioirientu~ri, nnd hence that gns properticis varied 
linewrl\r witti total ternperature ticross the mixing 
zones. Hence base ~ R S  properties were computed 
from the I'ollowing equations: 

arid 

(c) Several locations of thr external limiting 

((1) For ectch value of is,e the iseritropic stag- 
strewinline q s , e  were tissunied. 

27 
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Sitiii1:irly for the intcwid flow 

ratio n-:is 

7. . 
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w're siiiiiliir to those derived iii 

I 
:tnd WIS rvtduatetl for etic-h ~ i i l u r  O f  Th/T, a t l d  
11q.r.  

(g) In ti sittiiliir ~ i i i i i t i i ( ~ r  (iigiiiii ricJglectiiig tlircc- 
tliniensioniil effects in tlie intcgriitions) the energy 
hiliiiice ol' the biisr region was tttidyzetl. As 
intlic+titrcl in figure I (d), the c~nrrgy-tr:insl't,r 
JII 'OC~SS'S w ( w  tlur to ii convective flux hctwcrti 
t l i c  sepiiriitirig iintl litiiitirig strritriilinrs of ttie in- 
trriiiil iind externiil flows, it (-ontluctive flux 
ttirougli t l i c  niixing regioiis norniiil to tlic velocities, 
illid heiit atltlition (01' stlbtriictio11) to the bilsc 
rrgion from :it1 c>xtet.n:il sout-cti. The energy 

iitid 
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includrd, the cqu:itions are 11s follows: constAiit viilues of g, e :is shown in thc followitip: 

:lnd 

i ~ n d  wiis cvn1u:itetl for tlic :issunled viilucs of TD/Tt  
:ind O h ,  E .  

(11) The solution proceeded by assuining ot hci. 
values of Ta/T, in step (3)(a), arid steps (3) (b) 
to (g)  were rcpc:itcd until the particular values 
of Ta/Te and gS,? werc dctcrrriincd for which AG 
t ~ n d  AE werc siinultaneously zcro. A iirctliotl 
that could be uscd to deterniirir thcse v* '1 1 urs \VIIS 

to plot the A G  aiid AE as II function of Tb/T, for 

I 

' b /  'e 
I 

' b /  'e 

A cross plot could tticti be inride of v , , ~  ng:iittstt 
Ta/Te for which AG and AE arc zero: 

A G = O  

AE=Q 

'b / 'e 
'rhe vtilucs of q,,? tirid T,/T, a t  the intrrsertioti 
of tl ic two lines were thc solutions Tor the assurnoil 
viiluc ol' I)tisc-prcssure ratio. Knowing t lie 
lilt iit i I ig-st rr:i I i l l i t i c  st :igti:t t iot 1-pressure r:i tio (or 
wii  lir-prcssurr rii tio) W:I s co I I I  put rd 1)) t 11 P I I I et hods 
tlcscrihed iri step (3) ((1). 

For the spcciill ('tisr where. jct-teiiipc1riitui.e ratio 
T J T ,  w:is 1 and thc biisc energy trnnsfcr wiis zcro, 
t hc htise-gtis-teiiipcrwt urr ratio TO/ T ,  wiis know I ,  

i i  priori, also to be 1. Tllcreforc i t  was not ncccs- 
s ~ r y  to  consider thc c~ner~~-blil:itic.c equtitioti. 
'I'hc. inass-flow biilttncc~ wits still :I requircnient, but 
tlic cqu:Ltion ;is prcsentrd wrlirr b m i t t i r  indeter- 
tiiintite. Hence for c*:ilculatioris wliere gas prop- 
vrties of the cxtertitil and internal streiLti1s wcre 
tlissiii~il;ir, wtikc-pressure r:i tio i it it l  l>wse-g:is- 
teriipcrnture ratio wcre dcteriiiinctl by cxtrtip- 
olnting results for T,/Te>l .  For cwlculiitions 
whrre gtis propertics of both streat its wrre cqiid, 
tlic computing procedurc of reference 5 W H S  used. 
(4) The stnpnatioii-prcssurc rise of tlic liniiting 

strrillliliite frottl strp ( 3 )  WLS coitip;ircd with thc 
trailing-sliocl; pressurc ratio froni strp (2). I I 
the)- wcre not riqud, the  wrong vdue of btisc- 
pressure ratio had becn wsuiiietl in strp (I) ,  : int l  

thc solution WIS r ~ p c t i t ~ d  for other vidues 0 1  
pb/p0  until equtditj- was obtained. The basc- 
pressure ratio t h i t  \viis tissunietl iu step (1) to  
obtriin this equality \VIIS then the t1ieoretic:il 
l ) b / l ) n ,  tint1 the corresporiding biisc pis teniperaturc: 
that w:is coniputed in step (3)(h) \viis thc thcor~etic*i11 

TO. 



APPENDIX C 

ANALYTICAL EFFECTS OF INDEPENDENT VARIABLES ON WAKE-PRESSURE RATIO AND 
BASE-TEMPERATURE RATIO 

Thr portion of the tincilj-sis described i n  step 
(;{) of appendix B ciin be further iindyzed by 
wirying the values of tlie indeperident paraiiieters, 
wake-pressure riitio of thc liniiting strealnlines 
and base-temprrnture ratio. As discussed in 
reference 5, biise-pressure rat io is related to 
wiilte-pressure ratio bj- tlie equittion polpa= 
(pw/po)/(pu,/pb).  A l t l i ~ ~ g l i  p,/po is ti tilore fUI1dii- 
nieritd base-flow p i l r i i~~~eter  thtlrl pw/po, it w:is 
(1esir:Lble for the purposes ol this section to 
iinalyze pV/pb, sirice it can be considered without 
regard to model geoinetrj- by selecting arbitnu-p 
values of Me and Aft. These results, whic*h are 
the niost difficult pikrt of the base-pressure-ratio 
deterrnination, mij- then be used I'or a specific 
gcoinetry i n  the niwiiier described in reference 5. 

( 5 )  For this portion of the anidysis the following 
pmuneters werc considered to be independeii t 
: \ l id specified: Me, M,, TJT,, ye, I{?, y l ,  R,, S, 
in,,, arid Q b .  For these c:ilcultitions the follow- 
ing t~pproxiin~tions were used: CT= 12+2.758 h/, 
~ , , , = 3 ,  t ind --03 was replaced by -3. Tlrc 
external stream was nssuined to be air. 

The effects of varying M l  :ind Me for given 
values of T, /Tp  with t i11 air jet and A-= 1 are shown 
i n  figure 2 5 .  The results Tor T,/T,= 1 (fig. 2 5 ( a ) )  
were the s t m e  as those of reference 5 with the 
esceptioii tha t  calculatiorls were r.xtended to  
higher hltic.11 numbers. Results for T,/T,= 5 mid 
10 iirp shown in figures 25 (b) to (e). In  2111 cases 
the trends of the effects were similar and showed: 
first, tin increase in M I  (tit constant M e )  increased 
wnke-pressure ratio m d  decreased base tempera- 
ture ratio, and, second, an increase in Me (tit 
const:uit M1) incretisetl wake-pressure riitio nnt l  
h;ise- t el iipera t ure rii t io. 

The effects of viirying T J T ,  for viirious coiiibi- 
iiiitions of the values of Me and M ,  iire shown in 
figure 26. For these ciilculations the values of 
y l =  1.24 tind H,=2300 (which iire typical for 
rocket motors using liquid oxygen iind RP fuels) 
iverc chosen, and tigain S = l .  Results I'or Me= 

1.5 (figs. 26 (a) and (b)), M,=3 (figs. 26 ( c )  aiitl 

( t l ) ) ,  tind M,=5 (figs 26 (e) and ( f ) )  tire shown. 
The geiierd trend thilt is iipparent in all ctLses is 
that 2\11 inc~euse in T,/Te tlccreiised wdre -p res su~~~  
ratio i d  increased base-temperature ratio. 
For viilues of M ,  much larger than that of .3fe, 
the base-temperature-ratio curves for constant 
v:ilues of M I  began to cross over as T J T ,  incrensed. 

Internal Mach number, M. 

(:I) \Vnke-prrasurc rat io. Jet -t vrnpcrat lire ratio 
T,/ T,,, 1. 

FIG [:RE 25.---FXcct of csternal and internal Mach nuin- 
bers 011 base-flow parametcrs with air jet. Internal 
sp(*cific-hcat ratio T ~ ,  1.4; interrial gas coiistant Ri,  
1 i 1 5  ftZ/(secz) ("It); Iiii\ring-length ratio X ,  1. 
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Internal Mach number, Mi 
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- 
Jet - temperature rat io,  T;./ re Jet-temperature rat io,  7;./Te 
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I 2 3 4 5 6 7 8 9 1 0 1 1 1 2  
Jet- temperature ratio, T / <  

( e )  Wakr-prrbsurc iatio. h t ( n : i I  .\lacli i ~ r i n ~ l ) e ~  Jf ,, 5' 

Jet-temperature ratio, ?/ 

AI,, 5 .  
( f )  U:isc-teiiipcratiire ratio. I*ktc.riial Jlach nriii itwr 

FIGURE SB.-Coiicluded. Effect of jct-tc,inpc'raturc. ratio 
on base-flow psraiiietcbrs. Iiitcrrtal spc,cific-h(,ai ratio 
y;, 1.24; internal gas constant h'i. 2300 ft2/(src?) ('11) : 
mixing-leiigth ratio X ,  I .  

I 2 3 4 5 6  7 8  
Internal  and external Mach numbers, M, =Me 

FIGUHE 2i:- Effect of base bleed on witke~-prc~\surc ratio. 
.Jet-temperatiire ratio T,/T, ,  1, iiit('iiia1 and rxterniil 
\pcwfir-hc:it ratio4 y ,  and y < ,  I . 4 ,  iritcmial :uid cxt(~rri:tI 
gas coribtaiits R, and A',, 171 5 ft?/(sec*) ("It) ; miling- 
length ratio S, 1 .  

I t  is doubtful t h a t  this carossovcar should occur, 
:inti i t  niay lirive bceri a result of inndequncirs of 
tlie computing provedure. However, tlie degree 
of crossover was riot Inrgc, rind the trends of the 
results were still v:tlid. 

Base-blecd eff ects 011 the wiikc-prcssurc ratio 
associated with :in air jet are shown in figure 27. 
For this crilculation T,/Te was chosen to bc 1, 
:ind the base-bleed gas wris air tit the S ~ ~ I I I C  t o t d  
teniperaturc RS tlie interlid :ind exteriial streriins. 
T o  reduce the nuniber of coiiiputations required, 
t t i c  restriction was imposed tlirit Me=MZ.  As in 
e:irlier figures, S = 1 .  The  rcsults show that, a t  
wi>- given value of Mricli r i u m  twr, positive h s e  
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bleed decretisetl wake-pressure ratio, ;ind negative 
base bleed (removing air from the base region) 
increrwrl wtbke-pressure ratio. 

Effects of energy transfer (Iie>it ntldition or 
subtrtiction) in the base region ;ire shown in 
figure 28 for r i n  air jet with T,/T,=5. As in tile 
previous figure, ldde=L14t ~ n c l  ,I-= 1 .  Heat rc- 
tiiov:il increased wake-pressure ratio ;mtl dc- 
creased base tetiipcrature, and energy iiddition 
decreased wiike-pressure ratio and iticretiscd 
base-temperature ratio. 

To detcrrnine the rnagnitudc of the deptwtletit 
parameters p,/p, wid T J T ,  for t~ t y p i d  missile 
flight, an estinirite was m d t .  of the rwiige of the 
variables A41e, .Ifi, and T,/To for typical missile 

trajectories. These estiinates are shown in figure 
29. In  the figures that  l'ollow, figure 29 was used 
;is w guide in selecting values of the variables in 
tho range of interest. 

Anticipated values of wake-pressure ratio arid 
base-teinperature ratio for typical trajectories are 
showii in figure 30. For these ctilculntions values 
of internal gas properties (y  nnd R) were selected 
which were representative of those for propellant 
niotors using liquid oxygen :ind RP fuels, arid X 
W A S  assumed to be 1. For selected values of Me,  
thc variables M L  ~ n d  T,/To were varied over the 
txnge of interest. Thew results show that wtilte- 
pressure ratio increwes riipidly with external 
Jfiicti number nnd is niorc insensitive to changes 

IO 

9 

L 
c 

E 5  

c z a 
' 4  

m 

0) 
ln 
0 

(a) Rake-pressure ratio. 

FIGL-RE 28. --Effect of base heat transfer. Jet-tenipmiture 
ratio T g / T a ,  5; internal and esteriial specific-heat ratios 
y,  and y e ,  1.4; iiiteriial and esternal gas constants I<, 
and R,, 1715 ftZ/(secz) (OR); ~nisi~ig-length ratio X, 1 ;  
blecd-inass-floiv rate nzb, 0. 

(h) Base-temperature ratio. 

FIGVRE 28.--Concluded. Effect of base heat transfer. 
Jct-temperature ratio T,/T,, 5; internal and external 
hpccific-heat ratios yt  arid ye, 1.4; iriteriial and external 
gas constants R ,  mid K,, 1715 ft*/(sec2) ('It) ; mixing- 
length ratio X ,  1 ;  bleed-mais-flow rate mt,, 0. 
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4 

3 

2 

I 2 ~ 

F l ight  Mach number 

FICCRP: 29.-ISstiurated range of v : t r iabh  for typical 
n~issile tr:ijectori(Lb. 

in X, and T,/To u t  low valucs of M e  than a t  
high values (fig. 3O(u)).  Buse-teriiperiitm.c 
ratio clecreased as A l e  incretiscd and was 111ucli 
less sensitive to c.litinges in iWz thtin to c1i:inges ill 
T,/To (fig. 30(h)). 

Effects on bise-flow pnrtinicters of varying 
intcmtil specific-lietit rritio y I ,  interrial giis con- 
st:irit R,, t ir id  niixiiig-leiigtli ratio X are shown hi 
f igui~s 31 to 33.  8prc.ific. c*oiiibinritioiis of thc 
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(a) Wake. prt’ssure ratio. 

FIGVRE :3O.-Ilaiige of base-flow parameters for typical 
trnjcctories. Internal specific-heitt ratio y,, 1.24; 
interiial gas coristaiit R,, 2300 ftz/(secZ) (OR) ; mixing- 
length ratio X, 1.  
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Internal Mach number, M, 

(b) Raw-temperature rat io. 

FIGURE 30. -Concluded. Range of base-flow paranieterh 
for typical trajectories. Internal specific-heat ratio 
T,, 1.24; internal gas constant N,. 2300 ft*/(sec2) (OR) ; 
mixing-length ratio X, 1. 

vdues of Me, M,,  iirid T,/To which were withiti 
the rnrige of interest mere selectcd for these 
figures. Effects of 7 ,  :ire shown in figure 31 for 
h',=2300 imd S= 1. For :dl coriibiiititiotis of the 
pirmieters, wiilrr~-prrssurr~ ratio tlecreused NS 7 %  
iiicrensed and variccl tit 21 niuch faster rate for 

Internal specif ic-heat ratio, y 

(a) Wake-prcshiire ratio 

I 

1 1 . 1 ~ ~  R E  3 1  .--Effect of iiiteriial specific-heat ratio 011 babe- 
flow p:wameters. Internal gas co~lstant R,, 3300 
ft?/(sec?) (OR) ; miuiug-length ratio X ,  1. 
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Internal specific-heat ratio, y. 
I 

(b) I~ase-triripcratiirc. ratio. 

I:~cr R E  3 1  .- Concluded. Effect of internal spwific-hcxt 
ratio 011 haw-flow parameters. Intclrnal gas Collbtailt 
I { , ,  2300 ftz/(secz) (OR) ; mixing-lriigth ratio X ,  I .  

tlie c-oiitlitioris spec-ifietl rit higher viilues of A I e  
thwii a t  the lower values (fig. 3 1 ( t ~ ) ) .  However, 
the direction of the variation of btLsc-teriipei-ature 
rtitio dcpended upon the iiingnitude of the other 
piiraiiieter (fig. 31(b)); a t  -ve=1.5 i t  dccreiisd 
as  yz increased, arid a t  J l e = 3  arid 5 i t  iricwased. 

In IL siniilar iri;mncr, effects of vtirying I?, twe 
sliowri in figure 32. For these rcsults S was 
again 1 iind y,=1.24 was chosen. Convcrsely 
to tlie effect of y,, incretisos in R, increased mnke- 

of the  pririiineters. Sgain the  riitci ol' c-hiriigr with 
pressurc ratio (fig. 3 2 ( t i ) )  for cnc.h c.olnbiir. d t '  1011 
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(a) Wake-prcwiire ra t  io. 

FIGCRE 32.- I<ffrrt of iiitemal gas coilstant on tmsr-flow 
piir:tinc.tc.rs. Iiitrrnal sprcific-hc~:rt ratio y i ,  1.24; 
~riisiiig-l~~iigth ratio -Y, 1. 
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-- __ __ - 
Externa l  Je t -  Internal  
I Mach  t t e m D e r a t u r e - r  Mach -- 

(b) 13:isc.-t eiiipcrat ure ratio. 

Fici RE 32.- Concluded. P:ff?ct of internnl gas constailt 
0x1 basr-flow paramctclrh. Iiitcrnal sptcific-hc,at ratio 
y L ,  1.21; Iriixing-l(.Iigth ratio 9, 1 .  

I?,  was grc.atcr for thc conditions specified :it 
the higher vnlucs of M e  t l iwrl  at the lower vtducs. 
Siiuilarly the direction of the varintion of basc- 
tc~riiperaturc ratio wi th  c.Iiniigrs i i i  A', tlcpcndctl 

(a) If'l'akcymwurr ratio. 

I<'I(;cRE: :K<.-P:ffect of Inixing-kiigth ratio 0 1 1  base-flow 
paranictc~rs. Intcriial specific-heat ratio yt,  1.24; 
i i i tcwi:t l  gas constant R,, 2300 ft2/(sec2) ("R). 
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(b) Base-1 c.mpcraturc ratio. 

 FIG^ RE 33.-Concludcd. EXect of mixing-lcngth rntio 
ot I base-flow parameters. Int crnal specific-heat rat io 
-yg, 1.24; internal gas constant Ti,, 2300 ft*/(sec*) (OR). 
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